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Abstract 
The trace element composition of pyrite has been used to explore for hydrothermal ore deposits and to 
understand ore-forming processes. However, the effects of metamorphism on the trace element 
distribution in pyrite have received relatively limited attention. In this study, laser ablation-inductively 
coupled plasma-mass spectrometry (LA-ICP-MS) analyses of pyrite and pyrrhotite, along with minor 
amounts of sphalerite, chalcopyrite, and galena, are used to evaluate the effects of amphibolite facies 
metamorphism on the trace element distribution and remobilization of metals in iron sulfides in the 
clastic sediment-hosted Cambrian Nairne Pyrite Member (NPM), South Australia. The NPM and the Mt. 
Torrens Pb-Zn-Ag prospect, which occur near the base of the Kanmantoo Group, preserve irregularly 
zoned subhedral to euhedral metamorphic pyrite (Py1) and anhedral pyrrhotite (Po1), along with relatively 
minor quantities of remobilized anhedral pitted and cataclastic pyrite (Py2a) in quartzofeldspathic rocks 
and anhedral inclusion-poor pyrite (Py2b) in calc-silicate rocks that armor or cross-cut earlier formed Py1. 
Rare anhedral secondary melnikovite pyrite (Py3) locally formed on the margins of Py1 and Py2a. Trace 
element studies show that Py1 in the NPM at Brukunga and Ironstone Ridge contains mean values of 
1254 ppm Co, 123 ppm Ni, 2167 ppm As, 16 ppm Se, 10 ppm Cu, 25 ppm Zn, and 15 ppm Pb, whereas 
Py1 in the Mt. Torrens prospect contains mean values of 2312 ppm Co, 263 ppm Ni, 1835 ppm As, 95 
ppm Se, 9 ppm Cu, 6 ppm Zn, and 9 ppm Pb. Rare inclusion-rich cores of Py1 show higher concentrations 
of trace elements than inclusion-free rims with minor amounts of chalcopyrite, galena, and sphalerite 
forming along grain boundaries or in fractures within pyrite. This is interpreted to be the result of the 
release of Cu, Pb, and Zn from pyrite as it recrystallized. Remobilization of these elements then formed 
discrete sulfides at the millimeter to centimeter scale, with some exceptions at the meter scale where 
chalcopyrite, sphalerite, and galena, along with other sulfides and sulfosalts, formed in veins and tension 
gashes. These observations suggest that remobilization of trace metals, including Cu, Pb, and Zn, did not 
migrate more than a few meters at most. Moreover, despite the recrystallization of pyrite and pyrrhotite 
and subsequent remobilization of some trace elements (i.e., Co, Ni, As), which were structurally bound in 
these Fe sulfides, still retain elevated concentrations at amphibolite facies conditions. 
Remobilization of metals from the NPM during metamorphism to form Cu-Au (e.g., Kanmantoo) and Pb-
Zn- Ag-(Cu-Au) (e.g., Angas, Wheal Ellen) deposits in the Tapanappa Formation stratigraphically higher in 
the Kanmantoo Group seems unlikely. However, it is possible that one source of metals for these deposits 
could have been leached from the NPM and carried in large hydrothermal cells prior to metamorphism. 
Such a scenario is consistent with previously published sulfur isotope data for sulfides from the NPM, and 
Cu-Au and Pb-Zn-Ag- (Cu-Au) deposits, which indicate that sulfur derived from the NPM and pyritic 
schists in the Kanmantoo Group was a likely source of sulfur for the base and precious metal deposits. 
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A B S T R A C T
The trace element composition of pyrite has been used to explore for hydrothermal ore deposits and to un-
derstand ore-forming processes. However, the effects of metamorphism on the trace element distribution in
pyrite have received relatively limited attention. In this study, laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) analyses of pyrite and pyrrhotite, along with minor amounts of sphalerite, chalco-
pyrite, and galena, are used to evaluate the effects of amphibolite facies metamorphism on the trace element
distribution and remobilization of metals in iron sulfides in the clastic sediment-hosted Cambrian Nairne Pyrite
Member (NPM), South Australia. The NPM and the Mt. Torrens Pb-Zn-Ag prospect, which occur near the base of
the Kanmantoo Group, preserve irregularly zoned subhedral to euhedral metamorphic pyrite (Py1) and anhedral
pyrrhotite (Po1), along with relatively minor quantities of remobilized anhedral pitted and cataclastic pyrite
(Py2a) in quartzofeldspathic rocks and anhedral inclusion-poor pyrite (Py2b) in calc-silicate rocks that armor or
cross-cut earlier formed Py1. Rare anhedral secondary melnikovite pyrite (Py3) locally formed on the margins of
Py1 and Py2a. Trace element studies show that Py1 in the NPM at Brukunga and Ironstone Ridge contains mean
values of 1254 ppm Co, 123 ppm Ni, 2167 ppm As, 16 ppm Se, 10 ppm Cu, 25 ppm Zn, and 15 ppm Pb, whereas
Py1 in the Mt. Torrens prospect contains mean values of 2312 ppm Co, 263 ppm Ni, 1835 ppm As, 95 ppm Se,
9 ppm Cu, 6 ppm Zn, and 9 ppm Pb. Rare inclusion-rich cores of Py1 show higher concentrations of trace ele-
ments than inclusion-free rims with minor amounts of chalcopyrite, galena, and sphalerite forming along grain
boundaries or in fractures within pyrite. This is interpreted to be the result of the release of Cu, Pb, and Zn from
pyrite as it recrystallized. Remobilization of these elements then formed discrete sulfides at the millimeter to
centimeter scale, with some exceptions at the meter scale where chalcopyrite, sphalerite, and galena, along with
other sulfides and sulfosalts, formed in veins and tension gashes. These observations suggest that remobilization
of trace metals, including Cu, Pb, and Zn, did not migrate more than a few meters at most. Moreover, despite the
recrystallization of pyrite and pyrrhotite and subsequent remobilization of some trace elements (i.e., Co, Ni, As),
which were structurally bound in these Fe sulfides, still retain elevated concentrations at amphibolite facies
conditions.
Remobilization of metals from the NPM during metamorphism to form Cu-Au (e.g., Kanmantoo) and Pb-Zn-
Ag-(Cu-Au) (e.g., Angas, Wheal Ellen) deposits in the Tapanappa Formation stratigraphically higher in the
Kanmantoo Group seems unlikely. However, it is possible that one source of metals for these deposits could have
been leached from the NPM and carried in large hydrothermal cells prior to metamorphism. Such a scenario is
consistent with previously published sulfur isotope data for sulfides from the NPM, and Cu-Au and Pb-Zn-Ag-
(Cu-Au) deposits, which indicate that sulfur derived from the NPM and pyritic schists in the Kanmantoo Group
was a likely source of sulfur for the base and precious metal deposits.
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1. Introduction
Questions regarding the mobility of metallic elements as a result of
recrystallization of pyrite during amphibolite facies metamorphism and
whether such elements can subsequently form Cu-Pb-Zn-(Au-Ag) de-
posits are, as of yet, largely unresolved. These questions are addressed
by studying the trace element composition of pyrite and pyrrhotite in
the Nairne Pyrite Member (NPM), South Australia, one of the longest
iron sulfide-bearing units in the world (extends intermittently for at
least 100 km). The Kanmantoo Group, which hosts the NPM, consists of
a structurally thickened package (∼7–8 km thick; Haines et al., 2001)
of Cambrian quartzites, greywackes, pyritic units, and siltstones meta-
morphosed from the lower to upper amphibolite facies. The base of the
NPM hosts the small Mt. Torrens Pb-Zn-Ag deposit, whereas the Angas,
Scotts Creek and Wheal Ellen Pb-Zn-Ag-(Cu-Au) and Kanmantoo Cu-Au
deposits, as well as minor pyritic schists occur higher up in the Kan-
mantoo Group within the Tapanappa Formation (Seccombe et al., 1985;
Both, 1990; Gum, 1998; Toteff, 1999).
Recent studies have suggested various origins for the Cu-Au (e.g.,
Kanmantoo) and Pb-Zn-Ag-(Cu-Au) deposits in the Tapanappa
Formation, including syngenetic (e.g., Seccombe et al., 1985; Toteff,
1999; Pollock et al. 2018), syn-metamorphic (e.g., Oliver et al., 1998),
post-peak metamorphic (e.g., Foden et al., 1999), and magmatic models
(e.g., Kimpton et al., 2018). Mass-balance calculations by Hammerli
et al. (2015) suggest that considerable amounts of Pb and Zn can be
released from staurolite-absent metasedimentary rocks during prograde
metamorphism in the Kanmantoo Group, with Cu showing no appre-
ciable release. However, unlike Au that can be released to form meta-
morphogenic gold deposits during prograde metamorphism (e.g.,
Pitcairn et al., 2006; Tomkins, 2010), metamorphic fluids do not carry
Cu, Pb, and Zn in solution effectively to form orogenic base metal de-
posits (e.g., Pitcairn et al., 2006; Yardley and Cleverley, 2015; Zhong
et al., 2015). Instead, Pb and Zn can be incorporated into the structures
of K-feldspar and biotite, respectively (Finch and Tomkins, 2017).
Pyrite is the most common sulfide found in nature and is ubiquitous
in most hydrothermal ore deposits (Rickard, 2015). Its cubic structure
allows pyrite to incorporate significant quantities of trace elements
(e.g., Cu, Pb, Zn, As, Se, Co, Ni). Trace element studies of pyrite provide
information on ore paragenesis, the source of metals, the origin of
various ore deposits, and how trace elements can be used to vector to
hydrothermal ore deposits (e.g., Large et al., 2007; Gregory et al., 2015;
Mukherjee and Large, 2017). Previous studies of the trace element
composition of pyrite have largely focused on sedimentary and diage-
netic pyrite (e.g., Large et al., 2007, 2014, Large et al., 2017), as well as
pyrite found in rocks metamorphosed to low-grades (greenschist fa-
cies). However, there is debate whether recrystallization and meta-
morphism to higher grades expels trace elements from the structure of
pyrite or whether trace elements remain in its structure. Utilizing data
obtained from proton microprobe analyses of pyrite, chalcopyrite, and
sphalerite from volcanogenic massive sulfide (VMS) deposits in eastern
Australia, some of which were metamorphosed (i.e., Rosebery –
greenschist facies; Dry River South – amphibolite facies), Huston et al.
(1995) showed that metamorphic growth and subsequent re-
crystallization of pyrite liberated some trace elements (e.g., Bi, Pb, Mo,
Cu, Ag) to grain boundaries to either form new minerals or to be in-
corporated in coexisting sulfides. Large et al. (2007) evaluated the trace
element distribution of pyrite in rocks metamorphosed to the chlorite-
sericite subfacies of the greenschist facies in the sediment-hosted Su-
khoi Log Au deposit, Russia, and proposed that the trace element
content of recrystallized and metamorphic pyrite (e.g., Pb, Cu, Zn, Ag,
Te, and Au) was lower than earlier formed hydrothermal and diagenetic
pyrite because certain trace elements were partitioned into other sul-
fides rather than being incorporated into the structure of pyrite. Genna
and Gaboury (2015) subsequently demonstrated that in evaluating the
composition of pyrite in the Bracemac-McLeod Zn-Cu-Ag-Au VMS de-
posit, which was also metamorphosed to the sericite subfacies of the
greenschist facies, there was expulsion of some base and precious me-
tals from pyrite during metamorphism, while there was retention or
even enrichment of other metallic elements including Ni, Co, As, Sb, Tl,
and Se. George et al. (2018) demonstrated that metamorphic re-
crystallization of pyrite at the greenschist facies in the pyrite-dominated
orebodies in the southern Apuan Alps, Italy, mobilized and con-
centrated some trace metals to form various sulfides and sulfosalts,
while Kampmann et al. (2018) showed that pyrite from the Falun Zn-
Pb-Cu-(Au-Ag) deposit metamorphosed to a higher metamorphic grade
(lower amphibolite facies) liberated Pb, Bi, Au, and Se to form discrete
grains of sulfides, sulfosalts, and native gold.
Skinner (1958), LaGanza (1959), George (1969a,b), and Nenke
(1972) proposed the NPM to be a metamorphosed sedimentary Fe
sulfide unit. Given the light δ34S values of −20 to −12‰ for pyrite in
the NPM and pyritic schists stratigraphically higher in the Kanmantoo
Group, sulfur was considered to have been produced by biogenic re-
duction of seawater sulfate in anoxic basin waters (Jensen and Whittle,
1969; Seccombe et al., 1985; Gum, 1998). Sulfur isotope compositions
of sulfides from the base metal deposits are isotopically heavier
(δ34S=−9 to+15‰; Seccombe et al., 1985; Gum, 1998) than those
from the Fe-S units. This is compatible with sulfur in the Cu-Au and Pb-
Zn-Ag-(Cu-Au) deposits being, in part, derived from the pyritic units
(Seccombe et al, 1985). However, it is unknown whether these same
pyritic units were a possible source of Cu, Pb, Zn, Ag, and Au for the
base metal deposits. Trace element analyses of pyrite, pyrrhotite,
chalcopyrite, and sphalerite from the NPM and other pyritic schists in
the Kanmantoo Group are compared here to the composition of the
same minerals in the Kanmantoo Cu-Au, and the Aclare, Wheal Ellen,
and Angas Pb-Zn-Ag deposits (Fig. 1). The main focus of the study is on
the Brukunga Fe-S deposit in the NPM, located∼45 km east of Adelaide
and 6 km north of Nairne, on the eastern edge of the Mount Lofty
Ranges, which was mined from 1955 to 1972 for the production of
sulfuric acid, and the Mt. Torrens prospect. In this part of the NPM,
rocks were metamorphosed to the lower-middle amphibolite facies.
The aims of this contribution are to determine: 1. The trace element
concentration of pyrite and pyrrhotite (and to a lesser extent sphalerite,
galena, and chalcopyrite) in three groups of deposits (pyrite-pyrrhotite
units, Cu-Au, and Pb-Zn-Ag-(Cu-Au)) in the Kanmantoo Group to
evaluate how lower to middle amphibolite facies metamorphism affects
trace element distribution and concentration in these sulfides; and 2.
Whether or not the pyritic units could have been a source of base and
precious metals to the Cu-Au and Pb-Zn-Ag deposits.
2. Regional geology
The NPM occurs within the Cambrian Kanmantoo Group, which is a
package of metamorphosed pelitic, psammitic and minor carbonate
rocks deposited into the fault-controlled Kanmantoo Trough that occurs
uncomformably above the Early Cambrian Normanville Group
(Belperio et al., 1998; Jago et al., 2003). East-directed subduction along
the palaeo-Pacific margin of Gondwana relating to the Ross Orogen
created this extensional tear basin, which is bound by steep growth
faults (Belperio et al., 1998; Flöttmann et al., 1998).
The thick package of clastic sediments that constitute the
Kanmantoo Group was deposited rapidly as deep-water turbidity or
sediment gravity flows (e.g., Belperio et al., 1998; Haines et al., 2001).
Utilizing the nomenclature of Jago et al. (2003), the Kanmantoo Group
is subdivided into the basal Keynes Subgroup and the upper Bollapar-
udda Subgroup. Sequence boundaries, identified by Gravestock and
Gatehouse (1995) and Gum (1998), separate these subgroups from each
other and the older Normanville Group. The Keynes Subgroup consists
of metamorphosed fine-grained sandstone, siltstone and minor carbo-
nates, and contains minor stratabound Pb-Zn-Ag-Au deposits (Belperio
et al., 1998). The majority of sulfide deposits in the Kanmantoo Group
are confined to the Bollaparudda Subgroup, specifically within the
Talisker and Tapanappa Formations. The Talisker Formation represents
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a deep basinal facies sequence of metamorphosed sandstone, siltstone
and mudstone with sulfide-rich zones (Daily and Milnes, 1971; Gum,
1998). On the eastern limb of the Kanmantoo syncline, the NPM con-
sists of laminated beds of pyrite and pyrrhotite at the base of the Ta-
lisker Formation where it hosts the Brukunga Fe-S and Mount Torrens
Pb-Zn-Ag deposits. The Tapanappa Formation overlies the Talisker
Formation and hosts most of the Cu-Au (Kanmantoo, South Hill,
Bremer) and Pb-Zn-Ag-(Cu-Au) deposits (Angas, Scotts Creek, Wheal
Ellen) in the Kanmantoo Group (Daily and Milnes, 1972; Gum, 1998).
Rocks of the Tapanappa Formation consist predominantly of meta-
morphosed graywackes, siltstones, and interbedded pyritic-mudstones
(Belperio et al., 1998; Flöttmann et al., 1998; Gum, 1998; Jago et al.,
2003). Many of the Cu-Au and Pb-Zn-Ag-(Cu-Au) deposits occur in
zones of metamorphosed stratabound alteration that consist of quartz-
biotite-garnet-andalusite ± staurolite rocks (Seccombe et al., 1985;
Toteff, 1999; Tott et al., 2019).
Jenkins et al. (2002) showed that the maximum age of initiation of
sediment deposition into the Kanmantoo Trough was 522 ± 2Ma. The
age of the Delamerian Orogeny at 514 ± 3Ma (Foden et al., 1999;
Foden et al., 2006) provides an age for the termination of sedimentation
in the Kanmantoo Trough. During the Delamerian Orogeny, rocks
within the Adelaide Fold Belt were subjected to three ductile
Fig. 1. Geologic map of the Kanmantoo region showing the location of the Nairne Pyrite Member and the Mt. Torrens prospect in the Talisker Formation and the Pb-
Zn-Ag-Cu-Au and Cu-Au deposits in the Tapanappa Formation. Structural features, lithologies, and known intrusive rocks are shown. Inset shows the location of the
Kanmantoo area in Australia (modified after Toteff, 1999; Chen and Liu, 1996).
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deformation events and regional metamorphism (Offler and Fleming,
1968; Belperio et al., 1998). The most ubiquitous and first deformation
event (D1) produced macroscopic, asymmetric upright folds (F1) and
slaty cleavage (S1) with decreasing intensity from south to north. The
less pervasive (D2) forms mesoscopic open folds (F2) and weak crenu-
lation (S2) overprinting (D1) structures. Further deformation created an
(S3) crenulation (Offler and Fleming, 1968; Belperio et al., 1998).
Metamorphism is of the low-P and high-T type ranging from the
greenschist facies (∼350–400 °C) in the north and west to the upper
amphibolite facies (∼540–630 °C) in the south and east (Sandiford
et al., 1990; Oliver et al., 1998; Foden et al., 1999), with local areas of
migmatite around syntectonic igneous intrusions (Hammerli et al.,
2015). The metamorphic grade in the Brukunga area is estimated to be
lower-middle amphibolite facies, which is based on plagioclase com-
positions of∼Ab60An40 in the clastic rocks (Skinner, 1958), and the
presence of all three aluminosilicates as andalusite-kyanite and silli-
manite-kyanite assemblages. Based on sphalerite compositions obtained
from Skinner (1958), and utilizing the sphalerite geobarometer of
Hutchison and Scott (1981), Spry et al. (1988) determined a peak
metamorphic pressure of 4.1 ± 0.3 kb. This pressure is consistent with
that of the aluminosilicate triple point conditions of 3.75 ± 0.25 kb at
504 ± 20 °C (Holdaway and Mukhopadhyay, 1993).
3. Sampling, analytical methods, and data classification
3.1. Sample collection
One hundred and fifty four polished thin sections were prepared
from samples obtained from diamond drill core: Nairne Pyrites 13
(n=30) and Nairne Pyrites 10 (n=26) from the NPM at Brukunga,
Mt. Torrens (DD84KA1 (n=26), DD84KA2 (n= 17), DD84KA3
(n=7), 81mt-D1 (n= 12), 77MTDD1 (n= 12), 77MTDD2 (n=7),
77MTDD4 (n=5), and 77MTDD5 (n=4)), and Wheal Ellen Pb-Zn-Ag
prospect (W3A (n= 3), and W6 (n= 5)). Thirty polished-thin sections
derived from drill hole Nairne Pyrite DDH-9 (Seccombe et al., 1985)
were also evaluated. Additional polished-thin sections from the Kan-
mantoo Cu-Au (KMT125-10; KMT149-305), Angas (Ang-12 (DDH29-
194.0), Ang-20 (DDH29-206.0)), Aclare (AC-10A, AC-10C), and Wheal
Ellen deposits (WH006-150) were obtained from archive collections at
Iowa State University that were part of the studies of Spry (1976),
Pollock et al. (2018), and Tott et al. (2019). In addition, polished-thin
sections of samples collected from outcrops at the Scotts Creek Pb-Zn-
Ag deposit (NP-8), and from pyritic schist units (NP-3, NP-4, NP-5, NP-
6) and the NPM (NP-1, NP-2) in road cuts along the Southeastern
Freeway, east of Mt. Barker and west of Callington, were also evaluated.
Petrographic studies were conducted with an Olympus BX-60 dual re-
flected-transmitted light microscope at Iowa State University. A list of
the samples analyzed using laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) techniques are given in Table 1. Note
that LaGanza (1959) reported the presence of zeolite, siderite, and li-
monite as secondary products associated with some pyrite at the Bru-
kunga mine, while Skwarnecki et al. (2002) identified barite, goethite,
kaolinite/halloysite, and other secondary minerals, including oxyhy-
droxysulfates, associated with the breakdown of pyrite and other sul-
fides in soils spatially associated with the Mt. Torrens prospect. The
samples analyzed in this study were devoid of secondary alteration
minerals.
3.2. Analytical methods
Major element compositions of sphalerite from the NPM and the Mt.
Torrens deposit were obtained using a JEOL JXA-8900 Electron Probe
Microanalyzer at the University of Minnesota. Operating conditions for
analyses were an accelerating voltage of 20 kV, a 20 nA beam current,
and a 1–2 μm spot size. Standards used were native elements for Zn, Fe,
Cd, Mn, and S.
Laser ablation-inductively coupled plasma-mass spectrometry (LA-
ICP-MS) data were collected at the Queen’s Facility for Isotope Research
(Queen’s University, Ontario). Pyrite, pyrrhotite, chalcopyrite, spha-
lerite, and galena were analyzed from the NPM, Mt. Torrens prospect,
pyritic schists, and the Kanmantoo, Angas, and Wheal Ellen deposits
using a ThermoScientific X Series 2® quadrupole ICP-MS coupled to a
NewWave/ESI 193-nm ArF Excimer laser system. The isotopes mea-
sured were 107Ag, 75As, 197Au, 137Ba, 209Bi, 44Ca, 111Cd, 59Co, 52Cr, 133
Cs, 65Cu, 57Fe,72Ge, 115In, 71Ga, 72Ge, 24Mg, 55Mn, 95Mo, 60Ni, 208Pb,
85Rb, 121Sb, 45Sc, 77Se, 118Sn, 88Sr, 34S, 232Th, 47Ti, 205Tl, 51V, 182W, and
66Zn.
This study used lines ablated across sulfide grains instead of point
analysis in order to gain a better ablation profile and determine if
compositional zoning was present. Prior to each analysis, 15 to 30 s of
background analysis of the gas blank was measured. A beam diameter
of 35 µm with a scan rate of 10 µm/s was used for all grains. The laser
pulse frequency was 25 Hz. Care was taken when picking the locations
for the lines in order to minimize the ablation of any visible inclusions.
Elemental maps were also made to better understand the spatial
distribution of the trace elements present in the different types of pyrite
and to complement the data derived from the line analysis. Using the
same instrument from which the line analyses were obtained, the maps
were carried out by ablating a series of lines that covered the desired
grain. Each line had a 15 s gas blank acquisition prior to ablation and
used a beam size of 20 µm, a scan rate of 10 µm/s and laser pulse fre-
quency of 25 Hz. The beam size was reduced for the maps to allow for
more detail. The LA-ICP-MS data were reduced with Iolite 3.0 (Paton
et al., 2011) to create quantitative counts per second elemental maps.
Data processing of the line analyses was done through Thermo
Electron Corporation’s PlasmaLab software to choose the areas of in-
terest to be integrated. Areas of interest on each individual line were
chosen and separated based on the: 1) sulfides present, 2) texture of the
sulfide, 3) potential of having trace element zonation within the grain
of sulfide, and 4) exclusion of micro-inclusions where possible. The
integrated areas were made as large as possible, with all these para-
meters in mind, in order to ensure adequate counts.
For both the line and map analyses, standards were analyzed at the
beginning and end of each analytical run to account for analytical drift.
A calibration curve using NIST610, NIST612, and NIST614 (Pearce
et al., 1997) was used in concert with BHVO-1 (Hollocher et al., 1995)
to correct for variations in laser yield.
3.3. Data classification
To unconstrain the data used for multivariate statistics and to more
easily recognize patterns in the dataset, a centered log-ratio (CLR)
transformation was applied using CoDaPack version 2.01.15 (Muriithi,
2015). Using a multivariate statistical approach, trace element data for
pyrite were discriminated through principal component analysis (PCA)
using JMP Pro version 11.0.0. Principal component analysis is a sta-
tistical method that extracts the dominant sources of variation (i.e.,
principal components are the eigenvectors of a variance–covariance
matrix) in a multivariate dataset, thereby distinguishing trends in large
datasets (Davis, 2002). In the present study, the PCA included the
elements As, Co, Cr, Cu, Ge, Mn, Ni, Pb, Se, V, and Zn.
4. Local geology
4.1. Nairne Pyrite Member
Although intermittent exposures of the NPM occur for∼100 km and
were folded by a regional N-S trending south plunging F2 fold (Fig. 1),
stratiform iron sulfide-bearing horizons are thickest in the Brukunga Fe-
S deposit (Skinner, 1958; Gum, 1998). The orientation of the NPM at
Brukunga, which dips∼70° east and strikes north–south, was con-
trolled by a series of anticlines and overturned synclines that formed
C.D. Conn, et al. Ore Geology Reviews 114 (2019) 103128
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during D2 (Skinner, 1958; LaGanza, 1959; Mason, 1968). The NPM
consists of a sequence of discontinuous horizons of metamorphosed
pyrite-pyrrhotite-rich shale, greywacke, siltstone, and calc-silicate rocks
near the base of the Talisker Formation (Skinner, 1958; LaGanza, 1959;
Nenke, 1972). Calc-silicate rocks constitute∼10 vol% of the rocks in
the NPM (Skinner, 1958) and contain quartz, plagioclase, tremolite,
phlogopite, muscovite, calcite, scapolite, and minor pyrite and pyr-
rhotite (George, 1969b). The calc-silicate rocks occur at the strati-
graphic top and bottom of the NPM and have been traced southward
from the Brukunga area to Ironstone Ridge (Mason, 1968; Gum, 1998).
The predominant non-sulfide mineral assemblages in the metamor-
phosed clastic rocks, which constitute∼90% of the rocks, is quartz-
muscovite-albite-microcline± (sericite, apatite, andalusite) with lesser
amounts of quartz-muscovite-albite± (andalusite, kyanite) (Skinner,
1958). Trace amounts of non-metallic minerals in the clastic rocks in-
clude grunerite, graphite, chlorite, garnet, titanite, apatite, biotite, sil-
limanite and zircon, along with secondary jarosite.
The NPM has a well-developed foliation that largely parallels coarse
(up to∼3mm wide) and fine-grained (up to 0.6mm wide) bedded
layers (Fig. 2a; Skinner, 1958). The stratiform iron sulfide horizon is
thickest at Timmin’s Hill (450m) and thins to 35m thick at Ironstone
Ridge, six km to its south. Two main sulfide-bearing units constitute the
NPM in the Brukunga area and range in thicknesses from∼15 cm to
120m, but average∼15 to 30m thick. They are separated by∼450m
of sulfide-poor quartzite and meta-graywacke (Skinner, 1958). Three
pyritic layers, ∼1 m thick, occur stratigraphically above the two main
sulfide-bearing units (Skinner, 1958). In the Brukunga area, three sul-
fide beds were mined (Orebody 1, Orebody 2, Orebody 3; Fig. 3) and
were separated by two so-called “waste zones” (George, 1969b). Beds 1
to 3 contain∼12 vol% pyrite with some areas containing up to 25%,
and∼6–8 vol% pyrrhotite in meta-greywacke, schists, and minor calc-
silicate rocks. The quartzofeldspathic waste zones contain up to∼2 vol
% pyrite and up to 2 vol% pyrrhotite (Mason, 1968). George (1969b)
pointed out that pyrite was primarily concentrated in the pyritic rocks
Table 1
Sulfide abundances and minerals analyzed by LA-ICP-MS.
Location Drill Hole/Surface Depth (m) Pyrite Pyrrhotite Chalcopyrite Sphalerite Galena
Brukunga DDH9 33.5 XXXX X XX
Brukunga DDH9 36.6 XXXX XXX X XX
Brukunga DDH9 39.6 XXX XXX x
Brukunga DDH9 42.7 XXX xxx x XX
Brukunga DDH9 45.7 XXXX XXX X x
Brukunga DDH9 48.8 XXXX XXX xx x
Brukunga DDH9 51.9 XXX XXX XX
Brukunga DDH9 57.9 XXXX XXXX x
Brukunga DDH9 64.0 XXXX XXX x XX
Brukunga DDH9 70.0 XXXX XXX xx XXX
Brukunga DDH9 79.2 XXXX XXX xx XX
Brukunga DDH9 82.3 XXXX XXXX XX x
Brukunga DDH9 85.3 XXX XXXX x
Brukunga DDH9 91.4 XX XXX x
Brukunga DDH9 94.5 XXXX XXX XX XX
Brukunga DDH9 97.5 XXX XXXX XX XX
Brukunga DDH9 103.6 XXX XXXX X XX
Brukunga DDH9 112.8 XXX XXX x XXX
Brukunga DDH9 118.9 XXXX XXX x XXX
Brukunga DDH9 125.0 x XXX x
Brukunga Nairne Pyrites 110 182.5 XXX XXX x xx
Brukunga Nairne Pyrites 110 185.5 XX XXX x x
Brukunga Nairne Pyrites 110 191.6 XXX XXX x x
Brukunga Nairne Pyrites 110 210.0 XXX XXX x XXX
Mt. Torrens DD84KA1 255.0 XX XXX X
Mt. Torrens DD84KA1 259.3 XX XXX x XX
Mt. Torrens DD84KA1 287.7 XXXX XXX X X XX
Mt. Torrens DD84KA1 295.5 XXX xx x xx
Mt. Torrens DD84KA1 303.5 XXX XXX XX x
Mt. Torrens DD84KA1 309.7 XXX xxxx xx XX
Mt. Torrens DD84KA1 310.0 XXX X XX
Mt. Torrens DD84KA1 310.9 XXXX x XX xxx XX
Mt. Torrens DD84KA1 312.0 XXXX X XXXX xx
Mt. Torrens DD84KA1 312.5 XXX xx xx xx XX
Mt. Torrens DD84KA1 330.5 XXXX x x x
Mt. Torrens DD84KA1 332.0 XXXX x
Mt. Torrens DD84KA1 332.1 XXXX x
Mt. Torrens DD84KA1 333.5 XXX x
Mt. Torrens DD84KA1 334.0 XX x
Mt. Torrens DD84KA1 335.0 XXX x
Mt. Torrens DD84KA1 335.5 XXXX x
Mt. Torrens 77MTDD2 110.5 XXX XXX x xxx
Wheal Ellen WH006 150.5 XXX xx XXX XXXX XXX
Wheal Ellen Surface XXX XXX XX
Kanmantoo KMT125 117.0 XXX xx X xx
Kanmantoo KMT149 305.0 XXX XXXX xxx
Angas DDH29 194.0 XXXX XX xx x x
Angas DDH29 206.0 XXX XX XXX X x
Aclare Surface (AC-10A) XXXX xxx xx xxx x
Aclare Surface (AC-10C) XXXX xxx xx xxx x
Mineral abundances are indicated, XXXX > 10 vol%, XXX 1–10 vol%, XX trace to 1 vol%, X trace, minerals analyzed are in capitals whereas those not analyzed are in
lower case
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whereas pyrrhotite was more common in the meta-greywackes. Gra-
phite varies from 1.0 to 2.4% of the ore beds (Nenke, 1972). At Iron-
stone Ridge, the NPM dips 45°–70° E and thins southward until it pin-
ches out near Tinpot (Skinner, 1958). The Fe sulfide mineralization at
Ironstone Ridge occurs in two stratiform beds separated by a single
waste zone.
Remobilized sulfides occur in veins (rarely > 2m in length) in
places, in the axial planes of small scale folds, tension gashes, fractures,
and small veinlets crosscutting bedding that are considered to have
formed syn- or post-peak metamorphism (Fig. 2b; Skinner, 1958;
LaGanza, 1959; George, 1969a).
There is little difference in the silicate phases of the ore and waste
beds found in the NPM. The ore beds tend to be slightly more micac-
eous, whereas the waste beds tend to be predominately quartzofelds-
pathic, with minor calc-silicates. Mirams (1965), George (1969a), and
Schiller (2000) show that the NPM is elevated in Cu, Pb, and Zn relative
to the surrounding schists and quartzites. Mirams (1965) demonstrated
that the Orebody 2 contains an average of 700 ppm Cu, 6200 ppm Zn,
and 700 ppm Pb. Schiller (2000) reported samples with up to 1.59% Zn
and 1.78% Pb in pyritic rocks from the Brukunga mine.
4.2. Pyritic schist
Pyritic schists occur intermittently throughout the Tapanappa
Formations and immediately above the NPM in the Talisker Formation.
They are typically 1–3m wide but Gum (1998) reported widths of up to
10m (Fig. 2c). Although scattered outcrops show them to be commonly
100′s of meters in length, individual pyritic schist units show that they
can outcrop intermittently along strike over kilometers. Pyritic schists
typically show a rusty weathered appearance due to the presence of Fe
sulfides but are dominated by quartz and muscovite. Pyritic schist near
the Wheal Ellen Pb-Zn-Ag-(Cu-Au) deposit contains 20–900 ppm Pb
(average=372 ppm), and 13–2500 ppm Zn (average=1241 ppm)
(Spry, 1976), which are higher in value than the Pb (44–1394 ppm;
average=78 ppm), and Zn (10–885 ppm; average= 25 ppm) contents
of the NPM at Brukunga (Gum, 1998). Values of Cu in pyritic schist
(30–50 ppm; average=36 ppm) overlap that for Cu in pyrite from the
Wheal Ellen deposit (15–120 ppm; average=55 ppm). Three analyses
of pyritic schist obtained by Askins (1968) from the Aclare Pb-Zn de-
posit in the Tapanappa Formation contain 20 to 30 ppm Cu, 100 to
600 ppm Zn, and 40 to 600 ppm Pb. Values of Cu, Pb, and Zn for both
the NPM and pyritic schists are more elevated than unaltered meta-
greywackes meta-siltstones in the Tapanappa Formation of the Kan-
mantoo Group (Gum, 1998). Given the similarity in mineralogy and
light sulfur isotope values (δ34S=−20 to −15‰ for pyrite and pyr-
rhotite (Seccombe et al., 1985)), in the NPM and pyritic schists, it is
likely that both units formed in an anoxic environment in which sulfur
was derived from biogenic reduction of seawater sulfate.
4.3. Mount Torrens Pb-Zn-Ag prospect
The Mt. Torrens Pb-Zn-Ag prospect, located∼ 16 km north of the
Brukunga area (Fig. 1), occurs at the base of the NPM in steeply dipping
pyritic meta-siltstone interbedded with calc-silicate rocks and quartzites
(Mason, 1978; Gum, 1998; Ogierman, 2006). The sulfides are irregu-
larly distributed and disseminated along strike for 2 km (Fig. 2d), with
significant concentrations of sulfide in three horizons. The central area
shows the highest sulfide concentration along 450m of strike (Fig. 4).
The stratigraphic lowest quartzite horizon in the central area contains
pods of up to 70% pyrite, 15% galena, and 10% sphalerite, whereas the
two upper quartzite horizons contain 5–10% pyrite and trace sphalerite
(Mason, 1978). Although the grade and tonnage of the deposit are
Fig. 2. Photos of Fe sulfide units in the Kanmantoo Group. a. Laminated and massive layers of pyrite in the Nairne Pyriten Member, Brukunga mine, drill hole Nairne
Pyrite 13, 205.0m. b. Thin laminae of pyrite (Py1) and pyrrhotite (Po1) interbedded with metagreywacke in the Nairne Pyrite Member that is cross-cut by re-
mobilized quartz-carbonate vein containing Py2. Located 5 km SW of the Kanmantoo Cu-Au deposit along the South Eastern Freeway. c. Rusty colored pyritic schist
unit (∼3 m wide) interbedded with metagraywackes. Weathered muscovite and quartz form an apron below and to the right of the pyritic schist. Located 2 km SW of
the Kanmantoo deposit. D. Coarse grained sphalerite (sp), galena (gn), and pyrite in calc-silicate rock, Mt. Torrens, drill hole 77 MTDD1 165.2m.
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unknown, significant intersections of base metals include 10m @ 5.4%
Pb, 0.06% Zn and 33 g/t Ag, 4m @ 6.6% Pb, 4.1% Zn, and 23 g/t Ag,
and 5m @ 9.5% Pb, 2.1% Zn, and 42 g/t Ag (Mason, 1978; Ogierman,
2006). Values of δ34S for sulfides from the Mt. Torrens deposit range
from −13 to −4‰ and, like sulfides from the NPM and pyritic schists
in the Tapanappa Formation, suggest a biogenic contribution of sulfur
(Gum, 1998).
The predominant non-sulfide assemblage associated with sulfides is
quartz, muscovite, plagioclase, and calcite, with lesser amounts of
scapolite, chlorite, Ca-Mn-garnet, titanite, actinolite, phlogopite, bio-
tite, tremolite, allanite, tourmaline, apatite, and hyalophane, with
variance along strike from calcium-rich zones (quartz-scapolite-calcite-
calc-silicates) to quartzites (primarily quartz with minor feldspar,





















Fig. 3. Simplified geologic map of the Nairne Pyrite Member at the Brukunga Fe-S deposit, showing the spatial relationship and dimensions of the Fe sulfide-rich
horizons (Orebody 1, Orebody 2 and Orebody 3) and the sulfide-poor metagreywackes (Wastebody “A” and Wastebody “B”) along with the location of DDH-9
(modified after George, 1969b). Drill holes are shown.
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titanite, and garnet) (Ogierman, 2006; Skwarnecki et al., 2002; Conn
et al., 2018). The calc-silicate units at Mt. Torrens resemble those in the
Brukunga area (George, 1969b).
4.4. Cu-Au and Pb-Zn-Ag-(Cu-Au) deposits in the Tapanappa Formation
There are two major types of base metal deposits in the Tapanappa
Formation: Cu-Au (e.g., Kanmantoo, Bremer, South Hill) and Pb-Zn-Ag-
(Cu-Au) (Angas, Wheal Ellen, Aclare, Scotts Creek). Of these, the
Kanmantoo (34.5 Mt @ 0.6% Cu and 0.1 g/t Au; Pollock et al., 2018)
and Angas deposits (3.04 Mt @ 8.0% Zn, 3.1% Pb, 0.3% Cu, 34 g/t Ag,
and 0.5 g/t Au; www.portergeo.com.au/database/mine-
info.asp?mineid=mn1287) are the largest of each type. Sulfide mi-
neralization in the Kanmantoo deposit is characterized by discordant
and pipe-like orebodies, along with sulfides that are concordant to
bedding. Syngenetic, metamorphogenic, magmatic, and post-peak me-
tamorphic models have been considered for the formation of the de-
posit (e.g., Seccombe et al., 1985; Oliver et al., 1998; Kimpton et al.,
2018; Pollock et al., 2018), whereas there is a general consensus that
the Pb-Zn-Ag-(Cu-Au) deposits are syngenetic, since they generally
follow bedding, and were subsequently metamorphosed (e.g., Both,
1990; Toteff, 1999; Tott et al., 2019).
Fig. 4. Simplified geologic map of the Mt. Torrens Pb-Zn-Ag prospect showing its location at the stratigraphic base of the Talisker Formation (modified after
Skwarnecki et al., 2002). Drill holes are shown.
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5. Mineralogical and textural relationships of metallic minerals
5.1. Nairne Pyrite Member
The metallic minerals in the bedded units are predominantly pyrite
and pyrrhotite but minor amounts of chalcopyrite, sphalerite, galena,
arsenopyrite, and marcasite are also present. Trace amounts of sulfides,
sulphosalts, native elements (including graphite), and alloys, which
were identified by LaGanza (1959), Graham (1978), and Gum (1998)
are locally abundant in tension gashes and remobilized veins up to 2m
in length. The textural relationship between the Fe-sulfides and silicates
in the bedded units suggests that they formed together. Sulfide grain
size has a direct relationship to silicate grain size in that larger sulfides
grains are found in coarse grained silicate beds (Skinner, 1958;
LaGanza, 1959).
LaGanza (1959) identified five types of pyrite: 1) Idioblastic, in-
clusion-free euhedral-subhedral primary pyrite up to 3mm in size; 2)
Subhedral to euhedral pyrite (up to 5 cm in size) that occurs in veins; 3)
Secondary melnikovite pyrite (up to 5mm in diameter); 4) Secondary
zoned pyrite that forms a boxwork lattice (up to 1.5 cm in diameter);
and 5) Late secondary pyrite (< 0.15mm in size) in cracks. Of these
five types, LaGanza (1959) estimated that types 1 and 2 re-
present∼90% and 5%, respectively, of the total pyrite content in the
deposit, whereas the remaining secondary pyrite (types 3, 4, and 5)
constituted a combined∼5% of the pyrite. The current study has fo-
cused on types 1 and 2 pyrite (Table 2).
Type 1 pyrite (Py1) is inclusion-free except for some rare grains that
host minute (∼0.1mm size) inclusion-rich cores of pyrrhotite, spha-
lerite, rutile, and biotite, which were mostly expelled from the crystal
lattice of pyrite during recrystallization (Fig. 5a). These cores are sur-
rounded by inclusion-free rims. Pyrite tends to show annealed grain
boundaries (120°) as a result of grains size reduction during meta-
morphism (Craig and Vokes, 1993). Type 1 pyrite, which occurs as
monomineralic discontinuous layers (up to 1 cm in width; Fig. 5b) or as
layered intergrowths of pyrite and pyrrhotite, likely represent bedding
(Skinner, 1958). These sulfides are interbedded with quartzofeldspathic
and calc-silicate layers.
Type 2 vein pyrite (Py2) is commonly coarse-grained and inter-
grown with other sulfides (LaGanza, 1959), or it occurs as remobilized
cataclastically deformed pyrite (Py2a), which is pitted and anhedral in
shape. This variety of pyrite contains small inclusions of pyrrhotite and
sphalerite, with quartz and rare pyrrhotite and chalcopyrite infilling
fractures. It is generally observed in quartzofeldspathic rocks where it
locally armors Py1 and pyrrhotite (Fig. 5c). Secondary melnikovite
pyrite (Py3) formed as isolated grains up to 0.5mm in size and rarely as
thin rims on Py1. Melnikovite has a distinct concentric fracture pattern,
sooty texture, and occurs sparsely throughout the NPM (Fig. 5e).
Pyrrhotite and pyrite are equally abundant in the NPM. Pyrrhotite
(Po1) occurs as anhedral fine-grained (0.5 mm) disseminations in layers
parallel to bedding and as intergrowths with pyrite and rare arseno-
pyrite (Fig. 5b–c). Larger masses of anhedral Po1 (up to 1 cm in length)
occur where the host silicates are coarse-grained. Coarse-grained hex-
agonal Po1 is locally rimmed by monoclinic pyrrhotite; fine-grained
layered Po1 is almost entirely monoclinic (George, 1969a; Graham,
1978). Because pyrite (Py1) and pyrrhotite (Po1) form alternating
layers this textural relationship is interpreted to reflect differences in
the primary content of sulfur prior to metamorphism, rather than to
pyrrhotite formation by desulfidation of pyrite. Craig and Vokes (1993)
described textures that characterize the formation of pyrrhotite from
pyrite during retrograde metamorphism. These textures include pyr-
rhotite armoring pyrite, fractured and corroded pyrite having been
replaced by pyrrhotite, and pyrrhotite that pseudomorphs euhedral
pyrite crystals. None of these textures were observed in this study.
Application of the sphalerite-hexagonal pyrrhotite-pyrite geobarometer
here yields pressures compatible with peak metamorphic conditions.
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metamorphism. Instead hexagonal pyrrhotite and pyrite formed in
equilibrium with each other under peak conditions.
Although Py2a is the dominant sulfide in veins, irregular anhedral
masses of pyrrhotite (Po2), which constitutes < 1% of the total amount
of pyrrhotite in the NPM, is also intergrown with Py2a, sphalerite,
chalcopyrite, and galena, and other trace sulfides and sulfosalts.
Sphalerite is the most common base metal sulfide where it occurs as
inclusions (up to 1mm in size) in Py1 and along the contacts between
Py1 and Po1. Chalcopyrite is locally associated with pyrrhotite but it
also occurs along the margins of Py1 and Po1 (up to 0.5 mm in length)
or in fractures within Py1 (Fig. 5f). Chalcopyrite is also spatially asso-
ciated with trace amounts of subhedral galena and arsenopyrite.
Chalcopyrite disease, although uncommon, locally occurs in some of
the larger sphalerite grains. Galena is the least common base metal
sulfide in Py1 and Po1 but it also occurs as isolated grains in quartz-
feldspar-muscovite layers. In the tension gashes and veins, galena oc-
curs as masses (1–3mm in size) and hosts most of the sulfosalts (Nenke,
1972; Fig. 5g). Where present, arsenopyrite occurs as isolated grains in
the groundmass and rarely within Po1 and Py1. Details of the miner-
alogy of the veins are given in LaGanza (1959) and Graham (1978) and
are not repeated here given that they are volumetrically minor.
5.2. Mount Torrens Pb-Zn prospect
The sulfide assemblage at Mt. Torrens consists of pyrite-pyr-
rhotite± (galena-sphalerite-chalcopyrite). Arsenopyrite locally occurs
in trace amounts. The textural relationships of sulfides at Mt. Torrens
are similar to those at Brukunga, except that at Mt. Torrens base metal
Fig. 5. Photomicrographs in reflected, plane-polar-
ized light of sulfide textures from the Nairne Pyrite
Member at the Brukunga Fe-S mine and the Mt.
Torrens Pb-Zn prospect. a. Subhedral Py1 with an
inclusion-rich core and an inclusion-free rim
(Brukunga). b. Monomineralic layer of Py1with an-
nealed grain boundaries, fine-grained disseminated
Po1 laths, and a subhedral Py1 grain with inclusion-
rich core in a quartz-muscovite matrix (Brukunga).
c. Large fractured euhedral Py1 and anhedral Po1
armored by cataclastically deformed Py2a
(Brukunga). d. Euhedral Py1 surrounded by an an-
hedral mass of Py2b, which is only found in calc-
silicate lithologies (Mt. Torrens). e. Secondary mel-
nikovite (Py3) showing concentric fractures
(Brukunga). f. Coexisting sphalerite and chalco-
pyrite along the contact of euhedral Py1 and anhe-
dral Po1 (Brukunga). g. Boulangerite (Pb5Sb4S11),
arsenopyrite and pyrrhotite (Po1) hosted within
galena in a tension fracture (Brukunga). h. Galena,
sphalerite and pyrrhotite infilling fractures in Py1
(Mt. Torrens). Abbreviations: Apy= arsenopyrite;
Bl= boulangerite. Cp= chalcopyrite; Gn= galena;
Po=pyrrhotite; Py=pyrite; Sp= sphalerite.
C.D. Conn, et al. Ore Geology Reviews 114 (2019) 103128
10
sulfides are more abundant and generally coarser.
Pyrite types Py1, Py2a, and Py3 from the NPM are also present at
Mt. Torrens, along with Py2b at Mt. Torrens, which occurs as anhedral
interlocking grains (up to 0.5mm wide) that formed as aggregates,
commonly enveloping Py1 (Fig. 5d). Pyrite 2b is inclusion-poor, non-
pitted and weakly fractured, and is only found in calc-silicate rocks,
whereas Py3 occurs as isolated grains. Pyrrhotite 1 commonly forms
anhedral grains (up to 0.5 cm) that locally envelope, or occurs in
fractures in, Py1 within quartzofeldspathic layers. It is rarely present in
calc-silicate rocks. Within fine-grained sphalerite (locally exhibiting
chalcopyrite disease) and galena, aggregates of euhedral-subhedral Py1
and anhedral Po1 are present. Fractured Py1 is infilled with galena and
sphalerite (Fig. 5h). In semi-massive mineralization, Py1 and Po1 are
the dominant sulfides and commonly form alternating layers that
contain disseminated grains of sphalerite, galena, and chalcopyrite
(mostly with Py1) and as aggregates (up to 0.25mm wide).
5.3. Kanmantoo Cu-Au, Angas Pb-Zn-Ag, and Wheal Ellen Zn-Pb-Ag-(Cu-
Au) deposits
Metallic mineralization in the Wheal Ellen deposit consists of mas-
sive coarse recrystallized pyrite (Py1), sphalerite, galena, and minor
pyrrhotite (Po1) and chalcopyrite, primarily in biotite schist, along with
lesser amounts of pyrite and chalcopyrite in quartz veins. Other me-
tallic minerals include tetrahedrite, marcasite, boulangerite, cobaltian
arsenopyrite, magnetite, gahnite, and galenobismutite (Spry, 1976;
Gum, 1998; Toteff, 1999). Pyrite (Py1) also occurs as isolated subhedral
to euhedral grains (up to 3mm in size) that are locally fractured and
infilled with sphalerite and minor amounts of pyrrhotite. Anhedral
metamorphic pyrite (up to 8mm in length) was locally replaced by
melnikovite pyrite (Py3) and marcasite. Rare crosscutting quartz-pyrite
veinlets (0.2 mm) are also present and are likely products of re-
mobilization of earlier-formed Py1 during metamorphism. Some grains
of Py2 contain inclusions of pyrrhotite, galena and chalcopyrite, but
most grains of pyrite are generally devoid of inclusions.
The main sulfides in the Angas deposit are pyrite (Py1), pyrrhotite
(Po1), sphalerite, and galena, with minor chalcopyrite, marcasite, and
arsenopyrite (Toteff, 1999, Tott et al., 2019). Laing (1998) described
two types of sulfide mineralization in the so-called “western miner-
alization”, which was the zone that was mined and sampled here. Type
1 ore is massive and banded and dominated by pyrite (Py1), sphalerite
and galena, whereas type 2, was remobilized, particularly in the axial
plane of folds and is composed of ovoids of coarse sphalerite intergrown
with sphalerite and rounded pyrite. Pyrite 1, which was analyzed here,
is generally subhedral and commonly shows caries textures. Like Py1
from Wheal Ellen, sphalerite and galena in the Angas deposit formed in
fractures in pyrite (up to 6mm in size) and as large inclusions in pyrite.
Chalcopyrite with lesser amounts of Po1, and magnetite are the
dominant metallic minerals in the Kanmantoo Cu-Au deposit (e.g.,
Seccombe et al., 1985). Pyrite, ilmenite, marcasite, sphalerite, cubanite,
chalcocite, covellite, pentlandite, mackinawite, cobaltite, molybdenite,
wolframite, bismuthinite, native bismuth, laitakarite, Se-bearing ga-
lena, native gold, and native silver are present in lesser amounts (e.g.,
Schiller, 2000; Arbon, 2011; Pollock et al., 2018). According to
Seccombe et al. (1985), there are three generations of pyrite: colloform
pyrite (type 1) that forms cores to a euhedral pyrite overgrowth (type
2), and type 3 cavity filled melnikovite pyrite associated with griegite
and marcasite. Types 1 and 2 are rare by comparison to the type 3
melnikovite pyrite (Py3), which formed as a replacement of hexagonal
pyrrhotite (Po1).
6. Trace element compositions of sulfides
6.1. Pyrite
Unless otherwise stated, comparisons made here are between mean
compositions of various elements in pyrite (Py1, Py2a, Py2b, and Py3),
although mean (with one standard deviation), maximum, and detection
Table 3
Trace element compositions (ppm) of Py1 from the Kanmantoo Group.
Location Nairne Pyrite Member Mt. Torrens Pb-Zn-Ag Pyritic Schist
Number of analyses 77 81 11
Element Mean DL Mean High SD Mean High SD Mean High SD
Ti 2.4 73 1259 247 9.9 143 21 45 255 93
V 0.11 1.9 12 2.0 1.8 13 2.3 0.80 3.2 0.80
Cr 0.12 4.8 40 4.2 5.4 32 5.2 3.8 8.2 2.3
Mn 0.08 7.9 135 20 9.9 167 21 2.67 6.0 2.5
Co 0.10 1254 8365 1529 2235 10,940 2944 6785 13,410 5430
Ni 0.50 123 1128 148 332 2483 511 161 925 293
Cu 0.41 10 77 12 11 126 19 12 31 13
Zn 0.51 25 388 70 6.4 74 11 3.5 7.7 2.9
Ge 0.39 1.9 4.5 0.78 2.5 8.8 2.0 2.2 3.1 0.56
As 0.50 3167 15,420 2587 1762 15,930 3159 1883 16,600 4924
Se 3.7 16 121 19 91 827 145 16 34 9.0
Pb 0.07 15 360 46 11 117 19 1.2 7.4 2.1
Location Angas Pb-Zn-Ag Wheal Ellen Pb-Zn-Ag
Number of analyses 10 8
Element Mean DL Mean High SD Mean High SD
Ti 2.3 2.3 2.7 0.59 BDL BDL
V 0.11 0.81 1.06 0.22 0.57 0.68 0.06
Cr 0.12 2.8 3.6 0.73 2.0 2.5 0.27
Mn 0.08 1.1 2.5 0.57 1.1 1.6 0.31
Co 0.10 702 1840 659 523 784 165
Ni 0.50 17 95 28 66 115 43
Cu 0.41 28 177 54 9.0 32 9.5
Zn 0.51 7.1 34 10 8.0 25 9.1
Ge 0.39 2.3 3.4 0.66 1.5 2.3 0.48
As 0.50 1831 6528 1884 340 1428 602
Se 3.7 13 44 12 5.4 6.3 1.2
Pb 0.07 19 77 30 140 922 318
Mean DL=Mean detection limit (ppm), SD=One standard deviation of mean, BDL=Below detection limit
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limits are reported in Table 3. Pyrite1 from the NPM, Mt. Torrens, and
pyritic schist contain mean Co values of 1254 ppm, 2235 ppm, and
6785 ppm, and mean As values of 3167 ppm, 1762 ppm, and 1883 ppm,
respectively (Table 3, Figs. 6a–b and 7a–d). Cobalt and As concentra-
tions of Py1 from the Angas and Wheal Ellen Pb-Zn-Ag deposits contain
lower Co concentrations (average= 702 and 523 ppm, respectively),
whereas As contents of Py1 from these deposits are 1831 ppm and
340 ppm, respectively (Table 3). The amount of Ni in Py1 is markedly
lower than the concentrations of Co and As, with the highest con-
centration being 332 ppm (Mt. Torrens; Figs. 6c and 7a–b) and the
lowest being 17 ppm (Angas Pb-Zn deposit; Table 3); Py1 from the NPM
has a Ni content of 123 ppm. There is a large variation in concentrations
for these three elements, sometimes as much as three orders of mag-
nitude. Selenium contents range from 5 to 16 ppm in Py1 from the
NPM, pyritic schist, and in Py1 from the Angas Pb-Zn and Wheal Ellen
Pb-Zn-Ag deposits (Table 3), whereas Py1 from Mt. Torrens has a
concentration of 91 ppm (Figs. 6d and 7c; Table 3). The concentrations
of Cu, Pb, and Zn, which likely occur as mineral inclusions in Py1, as
well as Tl generally show mean values of < 30 ppm in all samples
studied here, except for Py1 from the Wheal Ellen deposit, which
contains a mean Pb content of 140 ppm (Table 3; Fig. 7e–f). Manganese
and Mo show concentrations in Py1 of 1–10 ppm for Mn (Table 3) and
1–7 ppm for Mo.
The LA-ICP-MS line profiles and multielement maps of Py1 in the
NPM and Mt. Torrens deposit generally show a homogeneous dis-
tribution for Co, Ni, and As; although, rare grains are compositionally
zoned (Fig. 8a–b). The zonation that occurs in Py1 is not systematic
with both Co-poor (Fig. 8a) and Co-rich cores being observed (Fig. 8b).
Multielement maps also show the presence of compositional zoning in
rare inclusion-rich Py1 in the NPM (Fig. 9); however, this zoning does
not appear to directly follow the outline of the inclusion-rich core. Rim
and core concentrations in zoned pyrite usually vary less than an order
of magnitude, with both compositions plotting within the Py1 compo-
sitional field (Fig. 10a–b).
Pyrite type Py2a is characterized by high Ni and low Co and As
concentrations, relative to Py1, which can be seen in a LA-ICP-MS depth
profile of a line ablated across Py1 and Py2a (Fig. 8c) and as a LA-ICP-
MS multielement map (Fig. 11). Nickel contents of Py2a from the NPM,
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Fig. 6. Box and whisker plots of trace element contents of the different types of pyrite from the Nairne Pyrite Member (NPM) at the Brukunga mine, Mt. Torrens Pb-
Zn prospect, and pyritic schists for (a) Co, (b) As (c) Ni, and (d) Se. Solid box= 25th to 75th percentile, bar=median, whiskers extend to the furthest point within
1.5× IQR from the box, and points= outliers. The number of analyses for each type of pyrite given are given either above or below each column in (a) and (d). The
number of analyses for (b) and (c) are the same as for (a).
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Mt. Torrens, and pyritic schist are 1116 ppm, 1173 ppm and 797 ppm,
respectively, which are hundreds of ppm higher than the concentrations
of Ni in Py1 from these same locations (Figs. 6c and 7a–b). The mean
concentrations of Co and As in Py2a from NPM (147 ppm and 60 ppm),
Mt. Torrens (169 ppm and 218 ppm), and pyritic schist (148 ppm and
29 ppm) are approximately one order of magnitude lower for Co and As
concentrations relative to those in Py1 (Figs. 6a–b and 7a–d).
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in Py2a (57 ppm), whereas Se in Py1 and Py2a from Mt. Torrens Py2a is
91 ppm and 10 ppm, respectively (Figs. 6d and 7c). The mean con-
centrations of Se in Py1 (16 ppm) and Py2a (20 ppm) in pyritic schist
are approximately the same (Fig. 6d). Concentrations of Cu, Pb, Zn, Mn,
Mo, and Tl in Py2a are all < 20 ppm, with the exception of Cu
(68 ppm) in Py2a from pyritic schist and Mn (1153 ppm) from NPM.
The concentration of Mn in Py2a from NPM shows a maximum of
5898 ppm, which is likely due to the beam ablating a micro-inclusion of
alabandite (MnS). The overall trace element signature of Py2b in calc-
silicates from Mt. Torrens, is very similar to the signature observed for
Py2a, except that Co (17 ppm), Ni (364 ppm), and As (37 ppm) contents
of Py2b are almost an order of magnitude lower than those in Py2a
(Co=169 ppm, Ni= 1173 ppm, As=219 ppm) (Figs. 6a–c and 7a–d).
The Ni content of melnikovite pyrite (Py3) from the NPM (769 ppm)
and Mt. Torrens (721 ppm) are similar, whereas the mean Co con-
centrations are markedly different (7 ppm and 361 ppm, respectively;
Figs. 6a, c and 7a–b). Mean As and Se contents are about twice as high
in Py3 from the NPM (53 ppm and 68 ppm, respectively) than in Py3
from Mt. Torrens (27 ppm and 28 ppm, respectively; Figs. 6b, d and 7c).
Copper, Pb, and Zn concentrations of Py3 from the NPM and Mt. Tor-
rens are < 18 ppm (Fig. 7e–f). The trace element concentrations of Py3
from the Kanmantoo Cu-Au and Wheal Ellen Pb-Zn-Ag deposits are in
contrast to these values since Co (2521 ppm), Ni (592 ppm), and Cu
(2002 ppm) contents are higher in Py3 from Kanmantoo. The Pb
(3011 ppm), Zn (886 ppm) and Sb (236 ppm) concentrations of Py3
from Wheal Ellen are enriched in these elements relative to those in Py3
from the NPM and Mt. Torrens.
A principal component analysis of trace elements in pyrite that are
above detection limits (i.e. V, Cr, Mn, Co, Ni, Cu, Zn, Ge, As, Se, Pb) was
used to further identify if there was any compositional variance among
the different types of pyrite (Fig. 12a–b). Principal component 1 (PCA1)
accounts for 25.4% of the variance whereas principal component 2
(PCA1) accounts for 21.4% of the variance and shows clusters for three
sets of elements. Cluster1 incorporates Co and As and to a lesser extent
Cu, cluster 2 Cr, V, and Ge, and cluster 3 Zn, Pb, and Mn. Cobalt shows a
negative correlation with Ni, although Ni and Se do not cluster with
other elements. Pyrite1 from NPM and pyritic schist overlap and mostly
plot in the negative component 1 field and are associated with elements
in cluster 1. Pyrite 2a compositions from NPM overlap cluster 3
whereas Py1 and Py2a from Mt. Torrens is distinguished by cluster 2
elements, which overlap some data that characterize Py1. Pyrite2b can
be distinguished by a positive contribution of Ni (cluster 3). Melniko-
vite pyrite (Py3) from the NPM is also characterized by an association
with Ni whereas the composition of Py3 from Mt. Torrens overlaps
cluster 2 elements.
6.2. Pyrrhotite
Pyrrhotite (Po1) is generally depleted in most trace elements re-
lative to pyrite, except for Ni where mean concentrations are 253 ppm,
348 ppm and 142 ppm in the NPM, Mt. Torrens, and pyritic schist, re-
spectively. Pyrrhotite (Po1) in the Kanmantoo Cu-Au and Wheal Ellen
Pb-Zn-Ag deposits have Ni concentrations of 43 ppm and 20 ppm, re-
spectively. The Co, As, and Se contents of Po1 are typically < 15 ppm,
but are up to 205 ppm Co in one grain in sample DDH9-125 from the
NPM, and are higher in Po1 from the Kanmantoo (Co=123 ppm,
Se=94 ppm) and Mt. Torrens deposits (Co= 81 ppm, As=61 ppm,
and Se=20 ppm). Concentrations of Cu, Pb, and Zn are <8 ppm in
Po1 from the NPM, pyritic schists and the Mt. Torrens and Kanmantoo
deposits expect for Pb at the Angas Pb-Zn-Ag and Mt. Torrens deposits
where the mean concentrations are 15 ppm and 17 ppm Pb, respec-
tively. There is a slight enrichment of Mn in Po1 from NPM, Mt.
Torrens, and pyritic schists (35 ppm, 42 ppm, and 22 ppm, respectively)
compared to Po1 in the base metal deposits (< 4 ppm). Almost all other
trace elements (e.g., V, Cr, Ge) in Po1 have mean concentrations
of < 4 ppm.
6.3. Sphalerite
Spry et al. (1988) analyzed the composition of sphalerite in equili-
brium with hexagonal pyrrhotite and pyrite from the Wheal Ellen and
Aclare deposits and showed that it contained between 8.8 and 9.0 wt%
Fe, 0.3 to 0.6 wt% Mn, and up to 0.2 wt% Cd. Previous studies of two
samples of sphalerite from the NPM at the Brukunga mine by Skinner
(1958) show that the range of Fe and Cd contents of sphalerite is the
same as analyzed by Spry et al. (1988), but that the Mn content was
considerably higher (2.3 to 2.5 wt% Mn). Electron microprobe analyses
(n= 60) obtained here of sphalerite in contact with pyrite, hexagonal
pyrrhotite, or both, shows that the Fe concentration ranges from 8.7 to
11.6 wt% Fe, up to 0.2 wt Cd, and between 1.0 and 8.0 wt% Mn
(Fig. 13a–b). Sphalerite from the Mt. Torrens prospect, also in contact
with pyrite, hexagonal pyrrhotite or both, ranges from 5.5 to 10.4 wt%
Fe, 0 to 6.4 wt% Cd, and 0.1 to 6.8 wt% Mn. Sphalerite in pyritic schists
also shows elevated concentrations of Mn (1.1 to 2.9 wt%), and Fe (9.0
to 9.6 wt%), whereas Cu and Cd concentrations are below detection
limits (Fig. 13a–b). The Fe content of sphalerite from the Aclare, Scotts
Creek, and Kanmantoo deposits range from 7.3 to 11.0 wt% with up to
0.9 wt% Mn from the first two deposits and <0.03 wt% Mn for spha-
lerite from the Kanmantoo deposit (Fig. 13a–b).
Laser ablation-ICP-MS depth profiles show compositions consistent
with EMPA in that the Cd concentrations are low (NPM=3189 ppm,
Wheal Ellen Pb-Zn-Ag=2784 ppm, and Angas= 4361 ppm), except
for Mt. Torrens, which showed a large average enrichment
(14,440 ppm). Manganese concentrations are in the percent level for
sphalerite from the NPM, Mt. Torrens, and pyritic schists but < 1wt%
for the base metal deposits in the Tapanappa Formation. The indium
concentrations of sphalerite are 56 ppm, 141 ppm, 85 ppm, and 3 ppm
from the NPM, and the Wheal Ellen, Angas, and Mt. Torrens deposits,
respectively.
6.4. Chalcopyrite
Chalcopyrite can host trace elements as microinclusions (i.e., Pb)
and as structurally compatible elements (i.e., Ag, In, Sn, Zn, and Se;
Huston et al., 1995). The mean concentrations of Zn in chalcopyrite
from the NPM and Mt. Torrens are 1132 ppm and 1428 ppm, respec-
tively, which are significantly higher than the average Zn contents of
chalcopyrite from the Angas (431 ppm) and Kanmantoo deposits
(346 ppm). Tin and As are more enriched in chalcopyrite from the NPM
(291 ppm and 123 ppm) than in chalcopyrite from the Mt. Torrens,
Angas, and Kanmantoo deposits. Huston et al. (1995) noted that Se
concentrations in chalcopyrite were highest in Cu-rich deposits, which
Fig. 7. Bivariate plots of trace element concentrations of different types of pyrite from the Nairne Pyrite Member (NPM) at the Brukunga mine, Mt. Torrens Pb-Zn
prospect, and pyritic schists for a. Co (ppm) vs. Ni (ppm). The sloping lines are Co:Ni ratios. b. As (ppm) vs. Ni (ppm). c. As (ppm) vs. Se (ppm). d. As (ppm) vs. Sb
(ppm). e. Cu (ppm) vs. Zn (ppm). f. Cu (ppm) vs. Pb (ppm). The number of analyses and samples for a, b, and e are respectively: NPM Py1 − 77, 22; NPM Py2a− 18,
7; NPMPy3 − 2, 1; MT Py1 − 82, 13; MT Py2a − 3, 1; MTPy2b − 19, 4; MT Py3 − 4, 1; Pyritic schist Py1 − 11, 3; Pyritic schist Py2a − 5, 2. For c the number of
analyses and samples are respectively: NPM Py1− 75, 21; NPM Py2a− 17, 7; NPMPy3− 2, 1; MT Py1− 67, 11; MT Py2a− 3, 1; MTPy2b− 13, 4; MT Py3− 4, 1;
Pyritic schist Py1 − 11, 3; Pyritic schist Py2a − 5, 2. For d the number of analyses and samples are respectively: NPM Py1 − 40, 19; NPM Py2a − 17, 6; NPMPy3 −
2, 1; MT Py1 − 29, 19; MT Py2a − 3, 1; MTPy2b − 12, 4; MT Py3 − 4, 1; Pyritic schist Py1 − 6, 3; Pyritic schist Py2a − 5, 2. For f the number of analyses and
samples are respectively: NPM Py1− 77, 22; NPM Py2a− 18, 7; NPMPy3− 2, 1; MT Py1− 80, 13; MT Py2a− 3, 1; MTPy2b− 19, 4; MT Py3− 4, 1; Pyritic schist
Py1 − 9, 3; Pyritic schist Py2a − 5, 2.
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is in agreement with the data obtained here. The average concentration
of Se in chalcopyrite from the Kanmantoo Cu-Au deposit is 122 ppm,
whereas the Se contents of chalcopyrite from the Mt. Torrens and Angas
Pb-Zn-Ag deposits and the NPM, are < 28 ppm. As with sphalerite, the
Mn concentration of chalcopyrite from the NPM (346 ppm) and Mt.
Torrens (148 ppm) is considerably higher than the amount of Mn in
chalcopyrite from the base metal deposits in the Tapanappa Formation
(< 4 ppm). Low concentrations of Ag (11–38 ppm), In (4–29 ppm), and
Pb (10–23 ppm) are present in the various sulfide occurrences.
6.5. Galena
Galena with grain sizes sufficient to be ablated were only found in
samples from the Mt. Torrens and Wheal Ellen Pb-Zn-Ag deposits. The
trace element signatures show that galena is the main host of Bi, Sb, and
Ag with mean concentrations of > 950 ppm. Bismuth is especially
concentrated in galena from the Wheal Ellen Pb-Zn-Ag deposit
(mean= 4,813 ppm, maximum=10,220 ppm). Galena from Mt.
Torrens also shows significant mean concentrations of Cu (103 ppm),
Zn (207 ppm), As (161 ppm), Se (614 ppm), Cd (277 ppm), Sn
(233 ppm), and Tl (74 ppm), whereas that from Wheal Ellen has a more
depleted trace element signature but showed elevated concentrations of
Zn (195 ppm) and Tl (255 ppm).
7. Discussion
7.1. Effects of metamorphism on sulfides in the Kanmantoo Group
Sulfides in the NPM and Mt. Torrens Pb-Zn deposit, and higher in
the stratigraphic sequence in the Tapanappa Formation (e.g., Wheal
Ellen and Angas Pb-Zn-Ag-(Cu-Au) deposits, Kanmantoo Cu-Au deposit)
were metamorphosed to the amphibolite facies. Spry et al. (1988)
suggested that the effects of metamorphism on the sulfide deposits in
the Kanmantoo Group were reflected by the coarse nature of the sul-
fides (including the formation of euhedral pyrite and arsenopyrite
porphyroblasts), the equilibration of sphalerite and arsenopyrite (with
hexagonal pyrrhotite and pyrite) at compositions consistent with peak
metamorphic conditions, and the formation of the typically meta-
morphic mineral, gahnite. Additional evidence in support of the sulfides
being subject to metamorphic processes as well as remobilization that
accompanied metamorphism includes, the brittle deformation of pyrite
(Py1) and its remobilization to form Py2, the formation of pyrite-rich
sulfide veins in the axial planes of F1 folds cross-cutting bedding and
pyrrhotite-dominant tension gashes containing various minor sulfides
and sulfosalts at Brukunga (George, 1969a, Graham, 1978), the Mg-rich
composition of silicates that equilibrated with sulfides at peak meta-
morphic conditions at Brukunga (George, 1969b), and the incorpora-
tion of chalcopyrite, galena, and sphalerite as inclusions in Py1, and as
remobilized sulfides in small aggregates and small projections into
subhedral to euhedral pyrite. Remobilization of these sulfides likely



























































































Fig. 8. Photomicrographs in reflected, plane-polarized light of pyrite from the
NPM and Mt. Torrens prospect with the corresponding LA-ICP-MS depth profile
(counts per second vs. time) for the traverse A-A’ for the elements As, Co, Cu,
Fe, Ni, Pb, and Zn. a. Subhedral Py1 with a Co-poor core and micro-inclusions
of PbS. There is a weak correspondence between the concentration of Co and
Ni. b. Rounded anhedral Py1 showing Co, Ni, and As zonation. Cobalt is en-
riched in the core and corresponds to the zonation of As. In places Ni shows an
antithetic relationship with As. c. Euhedral inclusion-free Py1 armored by
cataclastically deformed Py2a, showing a significant difference in the trace
element profile for Co, Ni, and As between the two generations. Abbreviations:
Py= pyrite; Sp= sphalerite.
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7.2. Pyrite zonation
Pyrite textures in primary depositional and diagnenetic settings
include framboids, microcrystallites, and colloform bands (e.g.,
Ramdohr, 1980; Wilkin and Barnes, 1997). Such textures are commonly
preserved at upper greenschist-lower amphibolite facies where an-
nealing and recrystallization occurs (McClay and Ellis, 1983). During
metamorphism, pyrite may also form metamorphic overgrowths on
earlier formed diagenetic, sedimentary or hydrothermal pyrite (e.g.,
Large et al. 2007, Genna and Gaboury, 2015) or is recrystallized (e.g.,
Huston et al. 1995; Wagner and Boyce, 2006). Kampmann et al. (2018)
noted the presence of pyrite grains with inclusion-rich cores in the
metamorphosed Falun deposit, which they interpreted as relic pre-
metamorphic pyrite, surrounded by an inclusion-free metamorphic rim.
In their study, the cores of pyrite were enriched in Cu, Pb, Zn, Sn, Sb,
and Au whereas the rims were depleted suggesting that they were ex-
pelled during metamorphism; Co was retained in the core and rim.
Primary (premetamorphic) pyrite textures are not present in sam-
ples studied here from the Kanmantoo Group, nor were they reported
by LaGanza (1959) in his detailed study of pyrite in the NPM. Fur-
thermore, petrographic studies of pyrite from the NPM and Mt. Torrens
show that Py1 is generally free of inclusions although rare recrystallized
grains of Py1 contain a core of fine-grained inclusions of pyrrhotite,
sphalerite, rutile, and biotite, surrounded by inclusion-free rims. For
these grains, Ni and As are more-enriched in the core. In contrast, in-
clusion-free grains of Py1, Co, and Ni show a similar compositional
profile (Fig. 8a, c), whereas, in other grains, Co and Ni have different
patterns indicating that they may have been decoupled during the
growth of some grains (Fig. 8b). It is possible that the difference in the
distribution of Co, Ni, and As in the cores of these rare grains may
reflect the incorporation of more than one relic grain of pyrite that had
different compositions, which were preserved within the growing pyrite
aggregate. However, Co is also enriched in the core but does not match
the pattern outlined by Ni and As (Fig. 9). Regardless, the Co, Ni, and As
contents of pyrite were preserved during subsequent metamorphism.
Copper, Pb, and Zn show more erratic patterns than these three ele-
ments and do not show compositional breaks at the margins of inclu-
sion-filled cores. Nor do they show any systematic zoning within Py1.
Moreover, the concentration of each of these elements is low
(< 25 ppm) and not higher than the inclusion-free rims of Py1 or in
Py2.
Recrystallization of pyrite during metamorphism results in the ex-
pulsion of a majority of trace elements held in the structure of pyrite
and as mineral inclusions (e.g., George et al., 2018), including Cu, Pb,
and Zn. However, Huston et al. (1995) and Large et al. (2007) proposed
that Co, Ni, and Se are incorporated tightly in the structure of pyrite
and that premetamorphic concentrations of these elements can remain
in the lattice of pyrite during metamorphism. Cobalt, Ni, Se, and As are
the trace elements that generally show the highest concentrations in
Py1 from the NPM and Mt. Torrens prospect. (Figs. 6a, c, d and 7a–b;
Table 3). Such elevated concentrations must be due to factors other
than expulsion during recrystallization.
Pyrite1 and Po1 commonly coexist in the NPM and occur in ap-
proximately equal amounts. Where they coexist, it is likely that the
relatively low concentrations of Ni in Py1 (mean= 123 ppm), relative
to Co, is due to Ni being preferentially partitioned into Po1
(mean= 253 ppm). Such preferential partitioning of Ni into pyrrhotite
rather than pyrite, has been recognized elsewhere (e.g., Cambel and
Jarkovsky, 1968; Cook, 1996). The concentrations of Ni in Py2a from
NPM and Mt. Torrens are more enriched than in Py1 (Fig. 11). Pyrite 2
likely formed by remobilization of Py1 in fractures and the axial planes
of F1 folds as proposed by George (1969a).
The concentrations of Co in Py1 from the NPM and Mt. Torrens





































Fig. 9. Laser ablation-ICP-MS trace element maps (Co, Ni, and As) of Py1 showing an inclusion-rich core. The elemental maps reveal that Ni and As follow the outline
of the inclusion-rich core whereas the enrichment of Co only occurs on the right-hand side of the core.
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Py2b. Factors that should be considered for the higher Co concentra-
tions in Py1 are: 1) Co solubility increases with increasing temperature
(Huston et al., 1995); and 2) possibly elevated concentrations of Co in
unaltered sedimentary rocks in the Kanmantoo Trough. However, the
second alternative is unlikely since the Co content of the most common
rock type, quartz mica schists in the Kanmantoo Group is only
21 ± 9 ppm (Lindqvist, 1969). Pyrite is known to contain elevated Co
contents in rocks enriched in Mn (Guy et al., 2010). Genna and Gaboury
(2015) also showed that Co can be enriched in pyrite derived from
metamorphic fluids (i.e., greenschist facies). There is a wide variation
in Co concentration (three orders of magnitude) in sedimentary pyrite
formed during the Cambrian for example (Large et al., 2014, Large
et al., 2015), showing that Co concentration is basin dependent and
likely a product of the trace element compositions of the host rocks.
Therefore, the relatively high Co contents of Py1, probably represent
the premetamorphic Co concentration of sedimentary pyrite in the
Kanmantoo Trough. An average of 714 ppm Mn was reported by Nenke
(1972) for the NPM, which occurs in, for example, Mn-bearing carbo-
nate, garnet, and sphalerite is supportive of the concept that the high
concentration of Co in Py1 is tied to the presence of Mn-bearing mi-
nerals. Manganese-oxyhydroxides are effective scavengers of a number
of elements, including Co (Guy et al., 2010). In a reducing environment,
the dissolution of Mn-oxyhydroxides results in the expulsion of Co,
which subsequently gets incorporated in the structure of sulfides in-
cluding pyrite (Guy et al., 2010).
The ratio of Co to Ni in pyrite has been used to differentiate between
pyrite in different ore-forming settings (e.g., Bajwah et al., 1987, Guy
et al., 2010; Gregory et al., 2015; Mukherjee and Large, 2017). Carstens
(1941) proposed that sedimentary pyrite has a Co:Ni ratio < 1 and a Co
concentration < 100 ppm. Bajwah et al. (1987) and Large et al. (2009)
more recently suggested that diagenetic pyrite has a Co:Ni ratio≤2.
However, the use of Co:Ni ratios as indicators of deposit origin (e.g.,
Bralia et al., 1979) must be questioned given that variations in Co:Ni
ratios reflect differences in the conditions of precipitation (e.g., Genna
and Gaboury, 2015), and that pyrite of different paragenetic genera-
tions were not distinguished by Bralia et al. (1979). Both un-
metamorphosed and metamorphosed ore deposits (e.g., Manitouwadge
Cu-Zn deposit; upper amphibolite facies) were also included in their
study. The Co:Ni ratios of Py1 from the NPM and the Mt. Torrens
prospect are very variable (0.35–229 and 0.01–916, respectively) with
averages of 18 and 52, respectively (Fig. 7a). Such ratios drape the
fields of sedimentary pyrite, and vein and massive sulfide deposits of
Bralia et al. (1979). The variable ratios for pyrite in the Kanmantoo
Group are likely the result of the partitioning of Co and Ni between
pyrite and pyrrhotite, and the possible effects of metamorphism on
expulsion of the Co and Ni from pyrite. It should be noted here that rare
cobaltite occurs in remobilized veins and tension gashes in the Bru-
kunga deposit, whereas there are considerably more Ni-bearing mi-
nerals in these veins (i.e., ullmanite, breithauptite, pentlandite, nicco-
lite, native Ni, and mackinawite). Whether the formation of these
minerals means that Ni was expelled from pyrite during metamorphism
and subsequently migrated more easily than Co during metamorphism
to produce the relatively high Co:Ni ratios in pyrite remains unclear.
Regardless, compositional data for pyrite from the present study sug-
gests that caution must be applied when using the Co;Ni ratios of pyrite
as an indicator of ore-forming settings where pyrite and pyrrhotite
occur in the same deposit.
Huston et al. (1995) proposed that the concentration of Se in pyrite
is unaffected by metamorphic grade whereas Genna and Gaboury
(2015) suggested that it can increase with metamorphic grade, as in-
dicated by their study of Se in pyrite in the Braemac-McLeod deposit,
Quebec. The mean Se concentrations of Py1 from the NPM (16 ppm)
and Mt. Torrens (91 ppm). However, the concentration of Se in Py2a
and Py3 from the NPM are higher than in Py1 whereas Se in Py2a,
Py2b, and Py3 from Mt. Torrens are lower in concentration suggesting
that the process of remobilization of Se related to metamorphic pro-
cesses is complicated and is likely related to various physicochemical
parameters.
Arsenic occurs as a structurally bound substitution for both Fe and S
in pyrite (e.g., Reich et al., 2005; George et al., 2018) and shows ele-
vated concentrations in Py1 from the NPM (mean=3167 ppm) and Mt.
Torrens prospect (mean= 1762 ppm). One analysis of Py1 from the
NPM contained∼1.54 wt% As. However, Py2a and Py2b contain con-
siderably less As (< 70 ppm) than Py1, which is consistent with the
removal of As during metamorphic growth or recrystallization (Cook
and Chryssoulis, 1990; Huston et al., 1995; Kampmann et al., 2018)
(Fig. 6b). The Au and Sb concentrations are below detection limits and
the mean Mn content of Py1 from both the NPM and Mt. Torrens
is < 10 ppm. The mean concentrations of As in Po1 from the NPM and


































Fig. 10. Bivariate plots of trace element concentrations for Py1 rims and cores
from the NPM (Brukunga) and Mt. Torrens deposit. Both the rims and cores plot
within the Py1 compositional field and can be distinguished from Py2. a. Ni vs.
Se. b. Co vs. Ni. For figure a, the number of analyses and samples are respec-
tively: NPM Py1 rim − 6, 4; NPM Py1 core − 5, 4; MT Py1 rim − 9, 7; MT Py1
core − 9, 7. For figure b, the number of analyses and samples are respectively:
NPM Py1 rim − 6, 4; NPM Py1 core − 5, 4; MT Py1 rim − 11, 7; MT Py1 core
− 10, 7.
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order of magnitude less than in Py 1 from the same locations. Similar
behavior was reported previously by Thomas et al. (2011) for coexisting
pyrite and pyrrhotite from the Bendigo Au deposit and is due to the
lower solubility of As in pyrrhotite. Although arsenopyrite locally oc-
curs in the NPM and Mt. Torrens, the only other As-bearing minerals
that has been reported in the NPM are rare niccolite and löllingite in
late tension gashes (Graham, 1978).
The rapid precipitation of sedimentary pyrite (framboidal, collo-
form, and spongy textures) results in the incorporation of many trace
elements and inclusions, which can lead to high concentrations of trace
elements (e.g., Cu, Pb, Zn, Mo, Au, and Tl) loosely held in the structure
of pyrite (Huston et al., 1995). The trace element concentration of Cu,
Pb, and Zn in the NPM and Mt. Torrens deposits generally show va-
lues < 25 ppm (Fig. 7e–f; Table 3). During recrystallization of pyrite,
Cu, Pb, and Zn were released from its structure and resulted in the
formation of discrete grains or as intergrown masses of chalcopyrite,
sphalerite, and galena along the grain boundaries of Py1 and Po1, as
well as in tension gashes. This suggests that the base metal sulfides
found in the NPM and Mt. Torrens are most likely a result of the ex-
pulsion of trace elements during recrystallization of pyrite and that
mobility of these phases was restricted to a maximum of a few meters as
indicated by their presence in sulfide veins. However, it is important to
acknowledge that non-sulfides could have potentially been a sink for
these base metals as well. Hammerli et al. (2015) evaluated the po-
tential mobilization of Pb and Zn in staurolite- and sulfide-absent me-
tasedimentary rocks in the eastern part of the Kanmantoo Trough
during metamorphism. They showed that 95% of the bulk rock Zn and
50% of the bulk rock Pb were hosted in biotite and muscovite. Feldspar
was also a major sink for Pb. Pyrite 1 in NPM and Mt. Torrens is in
equilibrium with biotite, muscovite, and feldspar and must also be
considered a potential sink for these metals, although it is more likely
that Cu, Pb, and Zn formed sulfides rather than being partitioned into
the silicates.
7.3. Trace element compositions of pyrite, pyrrhotite, chalcopyrite,
sphalerite, and galena in the Kanmantoo Group
Although pyrite, pyrrhotite, sphalerite, galena, and sphalerite were
mostly analyzed from the NPM and Mt. Torrens, a limited number of
trace element analyses of sulfides from the Kanmantoo Cu-Au deposit
(pyrhotite, chalcopyrite), Wheal Ellen Pb-Zn-Ag-(Cu-Au) (sphalerite,
galena), and Angas Pb-Zn-Ag (sphalerite, pyrrhotite, chalcopyrite) were
also obtained. The concentrations of Zn, V, Cr, and Ge in subhedral to
euhedral metamorphic Py1 from the Angas and Wheal Ellen deposits
are similar to those in Py1 from the NPM, pyritic schists, and the Mt.
Torrens deposits, whereas the Ti, Mn, Co, and Ni contents of Py1 from
Angas and Wheal Ellen are lower. The concentrations of Cu in Py1 from
the Angas deposit is approximately twice as high, and Pb in Py1 from
the Wheal Ellen deposit is an order of magnitude higher than the
concentrations of Cu and Pb in Py1 from the NPM, pyritic schists, and
the Wheal Ellen deposit (Table 3).
The trace element concentrations of Py1 from the deposits studied
here generally overlap those in pyrite from other metamorphosed ore
deposits (Huston et al., 1995; Genna and Gaboury, 2015; Gadd et al.,
2016; Kampmann et al., 2018), although the Co concentration of Py1 is
higher than in pyrite from other metamorphosed deposits. It is unclear
whether this Co enrichment is a function of the metamorphic grade, or
whether it is related to processes involved in the formation of sedi-
mentary rocks in the Kanmantoo Group.
The source of sediments in the Kanmantoo Group is considered to be
the Proterozoic Adelaidean rocks, which consist of metasediments,
metavolcanics, and granitoids (Belperio et al., 1998). It is conceivable
that mafic igneous rocks, which are commonly enriched in Co (e.g.,
Mookherjee and Philip, 1979), may have contributed some of the Co.
However, the elevated average Co contents of pyrite from the Mt.
Torrens (2235 ppm), Angas (702 ppm), and Wheal Ellen deposits







































Fig. 11. Laser ablation-ICP-MS trace element maps of Py1 (Co, Ni and As) armored by cataclastically deformed Py2a from a pyritic schist unit. Cobalt is enriched in
Py1 relative to Ni the latter of which is enriched in Py2a. An enrichment in As occurs along the rim of Py1.
C.D. Conn, et al. Ore Geology Reviews 114 (2019) 103128
18
pyrite.
Although based on only five analyses from the Angas and
Kanmantoo deposits, the concentration of most trace elements in pyr-
rhotite from these two deposits is generally lower than Po1 from the
NPM, pyritic schists, and the Mt. Torrens deposits. The exceptions are
the concentrations of Co, Zn, and Se in pyrrhotite from the Kanmantoo
deposit, which are higher than in pyrite from the sulfide deposits near
the base of the Kanmantoo Group.
The number of studies involving the trace element compositions of
chalcopyrite, sphalerite, or galena in metamorphosed massive sulfide
deposits is limited but includes those for one or more of these sulfides
from the Dry River South polymetallic deposit, Queensland (Huston
et al., 1995), the Mofjellet Pb-Zn and Bleikvassli Pb-Zn-(Cu) deposits,
Norway (Lockington et al., 2014; George et al., 2016), the Broken Hill
Pb-Zn-Ag deposit, Australia (Lockington et al., 2014; George et al.,
2016), and the Falun Zn-Pb-Cu-(Au-Ag) deposit, Sweden (Kampmann
et al., 2018). Cook et al. (2009) determined the composition of spha-
lerite from the Zinkgruvan, Marketorp, and Kaveltorp massive sulfide
deposits in the Bergslagen district, Sweden, whereas Lockington et al.
(2014) analyzed the trace and minor element concentration of spha-
lerite from the Sulitjelma, and Røros deposits, Norway, and proposed
that Pb, Bi, and, to a lesser extent, Cu and Ag decreased as metamorphic
grade increased from the upper greenschist to granulite facies whereas
Mn, Fe, Cd, In, and Hg contents showed no relationship to metamorphic
grade.
The trace element compositions of sphalerite from the NPM, and the
Mt. Torrens, Wheal Ellen, and Angas deposits (Conn, 2018) are similar
to the compositions reported by Lockington et al. (2014) and George
et al. (2016) for sphalerite in the Mofjellet, Bleikvassli, Sulitjelma, and
Broken Hill deposits, except for Mn and Cd, which show elevated
concentrations. Sphalerite in the NPM and the Mt. Torrens deposit
contains 8.6–11.6 and 5.5–10.4 wt% Fe, respectively, and up to 8.0 and
6.8 wt% Mn, respectively (Fig. 13b), the latter of which is consistent
with the presence of Mn in calc-silicates in the NPM and the Mt. Torrens
deposit (e.g., spessartine garnet, Mn-bearing tremolite, Mn-bearing
calcite, and epidote) that were reported by Conn et al. (2018). Tin was
the only trace element that was not partitioned into the predicted phase
(sphalerite); instead it is more concentrated in chalcopyrite. According
to George et al. (2016), Sn is only preferentially partitioned into chal-
copyrite when the sulfides have been recrystallized, which is the case
for sulfides in the current study.
Where present in the deposits, galena and chalcopyrite also show
trace element concentrations similar to those reported for these mi-
nerals in other metamorphosed massive deposits evaluated by George
et al. (2016). Like pyrite, the only trace elements in chalcopyrite of
significant concentrations are those structurally held in the lattice (Zn,
Ag, In, and Sn; Huston et al., 1995). The mean concentration of Zn in
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Fig. 12. Principal component analysis of pyrite for 11 trace elements that were typically above detection limits (i.e., As, Co, Cr, Cu, Ge, Mn, Ni, Pb, Se, V, and Zn). a.
Score plot of the first two principal components with percent variance for component 1 and 2 on the x and y axes, respectively. It should be noted that there are three
main clusters of trace elements that dominate the three main components. For example, As and Co dominate the trace elements in NPM Py1 and pyritic schist Py1,
whereas Ge, Cr, and V are the main elements that dominate those in Mt. Torrens Py2a and Mt. Torrens 2b. Zinc, Mn, and Pb influence with the composition of NPM
Py2a shown in Fig. 12b. b. Loading plot showing the vector representation between the elements and the components. Elements with values closer to 1 are more
affected by the components. Eigenvalues for each component are also shown. The numbers of analyses and samples, respectively, for each pyrite type are given in
brackets in the legend.
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than double the amount in chalcopyrite from the Kanmantoo, Angas,
Broken Hill, and Bleikvassli deposits. Silver, In, and Sn in chalcopyrite
in the Kanmantoo Group show concentrations < 30 ppm. The trace
element contents of galena were obtained only from the Mt. Torrens
and Wheal Ellen deposits. The Bi concentrations of galena were notably
higher (mean= 1401 ppm and 4813 ppm, respectively) than in galena
from the metamorphosed deposits evaluated by George et al. (2016),
which generally range from 4 to 1300 ppm. Concentrations of As, Se, Cd
and Sn are also slightly elevated in galena from the Mt. Torrens deposit
compared to those in galena from the Wheal Ellen deposit and those
reported by George et al. (2016) from the Bleikvassli, Broken Hill, and
Mofjellet deposits.
7.4. Relationship between the Nairne pyrite Member and base metal
deposits in the Tapanappa Formation
Evidence for metamorphic remobilization of base metal sulfides
(chalcopyrite, sphalerite, galena) from Py1 and Po1 in the NPM occurs
only at the microscopic to mesoscopic (meter) scale and likely re-
presents solid-state remobilization into tension gashes and fractures
(George, 1969a). It is therefore unlikely that the base metals released
from pyrite and pyrrhotite during metamorphic recrystallization were
remobilized several kilometers up through the stratigraphic sequence to
form Cu-Au and Pb-Zn-Ag deposits in the overlying Tapanappa For-
mation.
In the syngenetic model of Seccombe et al. (1985), deep hydro-
thermal convective cells leached metals from the underlying basal se-
diments (including the NPM) to form the Cu-Au and Pb-Zn-Ag deposits
in the Tapanappa Formation. Based on the sulfur isotope compositions
of sulfides in the NPM, pyritic schists and the base metal sulfide de-
posits studied here, Seccombe et al. (1985) suggested that sulfur was
extracted by hydrothermal leaching of the pyritic schist and in-
corporated in sulfides in the Tapanappa Formations. That base metals
were also leached from the NPM and the smaller pyritic schist horizon
in the Kanmantoo Group remains a possibility, but it is likely that they
were minor sources given the volume of the iron sulfide-bearing units
relative to the volume of the other sedimentary rocks in the Kanmantoo
Trough. Mass-balance considerations by Gum (1998) and Pollock et al.
(2018) suggest that there was more than sufficient base metals within
the premetamorphic clastic rocks in the Kanmantoo Group to account
for the amount of base metal sulfides in the various syngenetic deposits
in the Tapanappa Formation.
8. Conclusions
1. Despite recrystallization and annealing, the concentrations of
structurally compatible elements in pyrite (Co, Ni, Se) and As from
the Kanmantoo Group during amphibolite facies metamorphism
were not expelled from its structure.
2. The Co:Ni ratio of pyrite from the Nairne Pyrite Member (NPM) and
Mt. Torrens are higher than those for pyrite in unmetamorphosed
sedimentary rocks reported elsewhere in the literature, which could
be due to: 1) the high abundance of pyrrhotite (∼50%), which acts
as a sink for Ni, and 2) the Co concentrations in Kanmantoo Trough
were higher than in basins hosting unmetamorphosed sedimentary
rocks.
3. Metamorphism to the amphibolite facies produced a decrease in the
amount of trace elements included in pyrite in the NPM and Mt.
Torrens prospect as structurally compatible elements (e.g., Cu, Pb,
Zn) and mineral inclusions to form chalcopyrite, galena, and spha-
lerite along grain boundaries of pyrite and pyrrhotite or as re-
mobilized base metal sulfides in veins no more than a few meters in
length.
4. There is no evidence to suggest that metals in pyrite and pyrrhotite
in the NPM were released to metamorphic fluids during re-
crystallization to produce Cu-Au and Pb-Zn-Ag deposits higher in
the stratigraphic sequence (i.e. Tapanappa Formation). The likely
source of these metals was the thick package of premetamorphic
sediments in the Kanmantoo Group, including a minor amount from
the Nairne Pyrite Member.
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Fig. 13. Histograms showing the compositional variance of sphalerite between
deposits in the Kanmantoo Group. a. Fe content of sphalerite (wt%). b. Mn
content of sphalerite (wt%). The numbers of analyses and samples, respectively,
for each pyrite type are given in brackets in the legend.
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